In eukaryotes, transfer RNAs (tRNAs) are transcribed in the nucleus yet function in the cytoplasm; thus, tRNA movement within the cell was believed to be unidirectional-from the nucleus to the cytoplasm. It is now known that mature tRNAs also move in a retrograde direction from the cytoplasm to the nucleus via retrograde tRNA nuclear import, a process that is conserved from yeast to vertebrates. The biological significance of this tRNA nuclear import is not entirely clear. We hypothesized that retrograde tRNA nuclear import might function in proofreading tRNAs to ensure that only proper tRNAs reside in the cytoplasm and interact with the translational machinery. Here we identify two major types of aberrant tRNAs in yeast: a 5′, 3′ end-extended, spliced tRNA and hypomodified tRNAs. We show that both types of aberrant tRNAs accumulate in mutant cells that are defective in tRNA nuclear traffic, suggesting that they are normally imported into the nucleus and are repaired or degraded. The retrograde pathway functions in parallel with the cytoplasmic rapid tRNA decay pathway previously demonstrated to monitor tRNA quality, and cells are not viable if they lack both pathways. Our data support the hypothesis that the retrograde process provides a newly discovered level of tRNA quality control as a pathway that monitors both end processing of pre-tRNAs and the modification state of mature tRNAs.
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tRNA retrograde pathway | tRNA processing errors | quality control pathways | Mtr10 | Los1 T ransfer RNAs (tRNAs) are well known for their role as adaptor molecules during the translation of mRNAs into proteins, delivering amino acids to the ribosome for incorporation into a polypeptide chain. In eukaryotes, tRNAs are transcribed in the nucleus as primary transcripts that undergo extensive processing, chemical modification, and subcellular trafficking to produce the mature tRNAs that function in cytoplasmic translation. In the yeast Saccharomyces cerevisiae, tRNA transcription in the nucleolus (1), with one exception (2) , is followed by removal of the 5′ leader sequence by RNase P (3). The 3′ trailer is subsequently removed endonucleolytically, presumably by tRNase Z (4-6), and/or exonucleolytically by Rex1 (7, 8) . Following removal of the 3′ trailer, the nucleotides C 74 C 75 A 76 , necessary for tRNA aminoacylation, are added to the 3′ terminus. Twenty percent of yeast tRNAs are transcribed with an intron (9) . Splicing of tRNA introns occurs in the cytoplasm in yeast, on the outer surface of mitochondria where the tRNA splicing endonuclease complex resides (10) (11) (12) . Thus, end-processed intron-containing tRNAs are exported from the nucleus to the cytoplasm before removal of the intron. This primary export of intron-containing pre-tRNA is mediated by the β-importin family member Los1 (13) (14) (15) . Because LOS1 is unessential and because it is essential to have tRNAs delivered to the cytoplasm, there is at least one additional unidentified nuclear exporter for end-processed intron-containing pre-tRNA (16) .
tRNAs are subject to numerous posttranscriptional chemical modifications as they mature. Among the 42 unique tRNA species in yeast, 25 different modifications are found at 36 individual nucleotide positions (17) . Of these nucleotide modifications, several are added to tRNAs exclusively in the nucleus while others are added in the cytoplasm (9) . Although the biological functions of some modifications are not yet known, tRNA modifications in general contribute to overall tRNA function in three major ways (17) (18) (19) : (i) several modifications in the anticodon stem loop, particularly in positions 34 and 37, function in decoding and in ensuring maintenance of the translational reading frame; (ii) modifications in the main body of the tRNA affect tRNA folding; and (iii) some modifications function as identity elements for tRNA aminoacylation, ensuring that tRNAs are charged with the proper amino acid.
Because the primary function of tRNA molecules is in the cytoplasmic process of translation, tRNA subcellular transport was thought to be unidirectional-from the nucleus to the cytoplasm. However, it is now well established that mature tRNAs constitutively move back to the nucleus via retrograde tRNA nuclear import, a process that is conserved from yeast to vertebrates (15, (20) (21) (22) (23) (24) (25) . Although the function of this tRNA nuclear import is not yet entirely clear, it is required for the biogenesis of the wybutosine base modification of yeast tRNA Phe GAA (26) and for translation of particular yeast mRNAs (27) .
Finally, mature tRNAs must be re-exported to the cytoplasm where they are essential for protein synthesis. tRNA re-export is mediated in yeast by both Los1 and another β-importin family member, Msn5 (15); because msn5Δ los1Δ double mutants are viable (15, 24) , there is at least one unidentified transporter involved in tRNA re-export. Because the distribution of tRNAs in the cell is responsive to nutrients (21, 28, 29) and retrograde tRNA nuclear import is constitutive (15) , re-export of mature tRNAs from the nucleus by Msn5 is likely regulated.
Significance
Transfer RNAs (tRNAs) traffic in a retrograde direction from the cytoplasm to the nucleus, a process that is conserved from yeast to vertebrates. The biological significance of retrograde tRNA nuclear import is poorly understood. We report that the tRNA retrograde pathway serves as a quality control pathway that monitors 5′ and 3′ end processing and the modification status of cytoplasmic tRNAs. Aberrant tRNAs are imported into the nucleus where they are repaired or destroyed. This newly discovered quality control function of the tRNA retrograde nuclear pathway likely functions in parallel with the cytoplasmic 5′-3′ exonuclease tRNA quality control pathway. Although much is known about the regulation of tRNA transcription and about how cells ensure accurate tRNA aminoacylation, less is known about the quality control mechanisms that cells use to ensure that the appropriate levels of properly structured, modified, and charged tRNAs reside in the cytoplasm. An initial quality control step involves discrimination of precursor tRNAs during primary tRNA export. The vertebrate homolog of Los1, Exportin-t, proofreads tRNAs during export by preferentially binding to and exporting appropriately structured tRNAs with mature 5′ and 3′ ends (30) (31) (32) . Aminoacylation of mature tRNA in the nucleus also plays a role in tRNA nuclear export, providing an additional level of proofreading (33) (34) (35) (36) . In yeast, the exportin Msn5, which exports only tRNAs encoded by genes lacking introns and tRNAs previously imported from the cytoplasm, may selectively export aminoacylated tRNAs (15, 33) . There also are two pathways to degrade improper tRNAs. A nuclear surveillance pathway monitors pre-tRNAs and polyadenylates and degrades initiator tRNA (37, 38) as well as tRNAs with unprocessed 3′ ends (7, 8) . The rapid tRNA decay (RTD) pathway monitors mature tRNAs in both the nucleus and the cytoplasm, degrading those that are destabilized in structure (39) (40) (41) .
Here, we report that retrograde tRNA nuclear import also functions in tRNA quality control. We show that two types of aberrant tRNAs-5′, 3′ end-extended, spliced tRNA GUA -accumulate in mutant cells in which tRNA nuclear import is defective or when primary tRNA nuclear export is up-regulated, suggesting that the aberrant tRNAs are normally imported into the nucleus and are repaired or degraded. We show that tRNA retrograde nuclear import is a newly discovered level of tRNA quality control that functions in parallel with the RTD pathway, ensuring that only properly structured and modified tRNAs are in the cytoplasm interacting with the translational machinery.
Results
Aberrant tRNAs Accumulate in Cells in Which Retrograde tRNA Nuclear Import Is Defective. Previous studies in yeast identified 5′, 3′ endextended, spliced tRNAs that were thought to represent normal tRNA-processing intermediates in the nucleus (2, 42). However, it was subsequently shown that tRNAs are spliced in the cytoplasm in yeast (11, 12) . Thus, these previously identified tRNA intermediates, which are spliced and therefore have accessed the cytoplasm yet retained their 5′ leader and 3′ trailer sequences, are in fact aberrant tRNAs. We hypothesized that a minor pool of aberrant tRNAs exists in the cytoplasm, including both 5′ and 3′ endextended, spliced tRNAs as well as various hypomodified tRNAs and that, upon retrograde tRNA nuclear import, these aberrant tRNAs either might be repaired and be given a second chance to become functional tRNAs or might be degraded in the nucleus.
We first confirmed that yeast generate small pools of such aberrant 5′, 3′ end-extended, spliced tRNAs by studying tRNA Ile UAU species by RT-PCR and Northern analyses ( Fig. 1 ). In yeast, 10 tRNA families are transcribed with an intron located 3′ of nucleotide 37. tRNA Ile UAU possesses the longest intron (60 nt) and therefore has the largest size difference between the nuclear tRNA transcript and the cytoplasmic mature tRNA. In addition, tRNA Ile UAU lacks nucleotide modifications in the 5′ exon that block reverse transcriptase (43, 44) . For these reasons, tRNA
Ile UAU is well suited for identification of its various intermediates by RT-PCR and Northern analyses. Reverse transcription using primer 1 or 2 ( Fig. 1A ) should produce cDNA corresponding to the three major tRNA Ile UAUprocessing intermediates: the primary transcript (Fig. 1A , p, ∼131 nt), the end-processed intron-containing pre-tRNA (Fig.  1A , i, 119 nt), and the mature tRNA (Fig. 1A , m, 59 nt). Based upon previous studies (42), we predicted that a minor pool of cDNA corresponding to an aberrant 5′ end-extended, spliced tRNA Ile UAU (Fig. 1A , a, ∼71 nt) should exist and that we could amplify it by PCR using primers 1 or 2 and primer 4. As shown in Fig. 1B (lanes 3 and 4) , RT-PCR using primers 1 and 4 amplified both the primary tRNA transcript (p) and a minor spliced tRNA Ile UAU species extended at the 5′ end (a). Although primer 4 is complementary to the first three nucleotides of the tRNA Ile UAU , it is specific for the 5′ leader as it does not anneal to the mature tRNA under the PCR conditions that we used because the major species amplified using this primer and primer 1 is the tRNA transcript, which normally is much less abundant in the cell than mature tRNA. As a control, we amplified cDNA with primer 3 that is complementary to the first 10 nucleotides of the 5′ exon and that therefore does anneal to the mature 5′ end. PCR using primers 1 and 3 (Fig. 1B , lanes 1 and 2) amplifies both the primary transcript (p) and the abundant mature tRNA Ile UAU (m). The additional nucleotides of the 5′ leader sequence are added on during the PCR because they are contained in the sequence of primer 3; thus, primer pairs 1/3 and 1/4 generate the same-size PCR product. We conclude that the minor PCR product amplified using primers 1 and 4 (Fig. 1B, lanes 3 and 4) is not mature tRNA Ile UAU , but rather a rare tRNA species that is spliced and retains the 5′ leader sequence. We assessed the abundance of 5′ end-extended, spliced tRNA Ile UAU in wild-type and mtr10Δ mutant cells in which mature tRNAs do not access the nucleus (21) presumably because retrograde tRNA nuclear import is defective. Although there is no apparent difference in the abundance of the primary tRNA Ile UAU transcript, the minor 5′ end-extended, spliced tRNA Ile UAU accumulates to higher levels in mtr10Δ mutants compared with wild-type cells (Fig. 1B, lanes 3 and 4) . Accumulation of this aberrant species is reduced when Mtr10 is exogenously expressed in mtr10Δ cells from a low-copy (l.c.) or high-copy (h.c.) plasmid (Fig. 1C, lanes 3 and 4) .
Mtr10 is a member of the β-importin family of nuclear transport receptors and functions in importing mRNA export proteins as well as the RNA component of yeast telomerase to the nucleus (45) (46) (47) . The precise function of Mtr10 in the retrograde process is not clear. To ensure that our results were dependent on the contribution of Mtr10 to retrograde tRNA transport and not on other Mtr10 functions, we also disrupted the retrograde pathway by a mechanism that is independent of a β-importin protein. Dhh1 and Pat1 affect retrograde nuclear accumulation, and neither is a member of the β-importin family (48) . The 5′ endextended spliced tRNA Ile UAU accumulates in both mtr10Δ and dhh1Δ pat1Δ mutant strains in which retrograde tRNA nuclear accumulation is independently blocked (Fig. 1D, lanes 2 and 3) . Thus, the accumulation of aberrant tRNAs in these cells is most likely due to impaired retrograde tRNA nuclear accumulation.
Using RT-PCR, we were unable to address whether the 5′ endextended, spliced tRNA Ile UAU also has a 3′ trailer. We therefore used Northern analysis to estimate the size of this tRNA species (Fig. 1E) . A probe complementary to the 3′ exon detected the normal processing intermediates, the initial transcript (146-156 nt; p), and the end-processed intron-containing pre-tRNA (132 nt; i), as well as mature tRNA Ile UAU (75 nt; m). In addition, in wild-type cells, there was a barely detectable RNA migrating at ∼96 nt (Fig. 1E, lane 1; a) , the size predicted for a spliced tRNA Ile UAU containing both the 5′ leader and 3′ trailer. This RNA accumulated to higher levels in mtr10Δ cells, and accumulation was complemented by plasmid-encoded MTR10 (Fig. 1E, lanes 2 and  3) . Hybridization with a 22-nt probe complementary to the 5′ leader and 10 nucleotides of the 5′ exon demonstrated that only the aberrant RNA and the initial transcript possess the 5′ leader (Fig. S1) . Thus, by two independent methods, we identified an aberrant 5′, 3′ end-extended, spliced tRNA Ile UAU that accumulates to higher levels in cells with defective tRNA nuclear import.
We used real-time PCR to quantitate the relative abundance of the end-extended, spliced tRNA Ile UAU in the retrogradedefective mutant strains compared with wild type. To avoid amplification of potential genomic DNA contamination, we synthesized cDNA using a primer that anneals to the splice junction (Fig.  1A, primer 5) . To specifically amplify end-extended tRNA Ile UAU , we used primers 4 and 5 (Fig. 1A) . For a reference gene, we amplified mature tRNA Gln CUG using primers 6 and 7 ( Fig. 2A) . (Table 1) . Together, the data suggest that a minor pool of aberrant end-extended, spliced tRNA Ile UAU is normally imported via the retrograde pathway from the cytoplasm into the nucleus where it is repaired and/or degraded. We also investigated tRNAs lacking the modification m 2 2 G 26 ( Fig. 2) . This modification is added by Trm1 in the nucleus before primary tRNA nuclear export (49) . Thus, for intron-containing tRNA, the modification is added before the intron is removed in the cytoplasm. (Fig. 2B) . Using a primer that anneals to the tRNA 3′ exon, the primary product was the initial tRNA transcript in the nucleus that is not yet modified at G 26 . To assess the G 26 modification status of the spliced tRNAs, we used primers that anneal to the splice junction of tRNA Lys UUU or tRNA Tyr GUA ( Fig. 2B ; primer 8 or 10, respectively), thus eliminating the primary tRNA transcript from the amplified products. The expected size of both PCR products is 46 bp. In the same RT-PCR reactions, we amplified mature tRNA Gln CUG , which does not contain any reverse transcription blocking modified nucleotides ( Fig. 2A) , generating a 72-bp product. Each individual primer set amplified only the expected DNA (Fig. S2 ).
We identified a low level of m from wild-type, mtr10Δ, dhh1Δ pat1Δ, xrn1Δ, and trm1Δ cells. PCR was performed with primers 6, 7, 10, and 11. type cells (Fig. 2 C and D, lanes 1 and 5 ) . Although the levels of mature tRNA Gln CUG do not change, both hypomodified tRNAs accumulate to higher levels in mtr10Δ and dhh1Δ pat1Δ mutants in which retrograde tRNA nuclear import is defective (Fig. 2 C  and D, lanes 2 and 3) More Efficient. tRNA exportins appear to have evolved to recognize structural features common to all tRNAs. They bind the tRNA elbow and acceptor stem (32) and thus preferentially export end-matured tRNA to the cytoplasm (30, 31) , providing one level of quality control. However, this preference is not absolute as vertebrate Exportin-t can bind end-extended tRNA, albeit ∼20× less efficiently than mature tRNA, and end-extended tRNA is exported to the cytoplasm with low efficiency in Xenopus oocytes (30, 31) . In addition, in yeast there is an unidentified tRNA exporter that may or may not preferentially recognize end-matured tRNA. Competition in the nucleus between tRNA processing and tRNA nuclear export may result in precocious export of a fraction of primary tRNA transcripts to the cytoplasm. Removal of introns from these transcripts would generate aberrant end-extended, spliced tRNAs as identified in Fig. 1 . Moreover, Los1 is not expected to assess tRNA modification status during nuclear export unless particular hypomodified tRNAs have unstable tertiary structures. There are 42 families of tRNAs, all with individual nucleotide sequences and unique combinations of modifications. Therefore, tRNA nuclear exporters, including Los1, must recognize their substrates by common structural features. Thus, there also may be competition in the nucleus between tRNA modification and tRNA nuclear export, which results in precocious export of some hypomodified tRNAs.
Aberrant tRNAs then may accumulate in cells in which primary tRNA nuclear export is more efficient. We overexpressed Los1 in wild-type yeast cells and assessed the levels of endextended, spliced tRNA (Fig. 3) . We amplified mature tRNA Gln CUG ( Fig.  2A) in the same RT-PCR reactions. Although the levels of mature tRNA Gln CUG do not change, all three aberrant tRNAs accumulate to higher levels in wild-type cells overexpressing Los1, in which tRNA nuclear export is more efficient, compared with cells expressing vector only (Fig. 3, lanes 1 and 2) . Overexpression of Los1 in mtr10Δ cells also results in higher levels of the end-extended, spliced tRNA Ile UAU than vector alone (Fig. S3) . Msn5 does not export intron-containing pre-tRNA to the cytoplasm (15) , and its overexpression does not result in increased levels of end-extended, spliced tRNA Ile UAU (Fig. S3) . One interpretation of the data is that tRNA maturation competes with tRNA nuclear export, and sometimes Los1 mistakenly exports unprocessed or hypomodified tRNAs to the cytoplasm. Rapid tRNA Decay. Additional levels of tRNA quality control involve the degradation of improper tRNAs by both the nuclear surveillance pathway (37, 38) and the RTD pathway (39) (40) (41) . To learn whether the aberrant tRNAs that we identified are substrates for cytoplasmic RTD by the 5′-3′ exonuclease Xrn1, we used RT-PCR studies in xrn1Δ cells. Surprisingly, end-extended, spliced tRNA Ile UAU does not appear to be a substrate for cytoplasmic RTD, as this species does not accumulate in mutants lacking Xrn1 (Fig.1D, lane 4) . Thus, the RTD pathway appears not to serve in quality control for tRNAs that are exported to the cytoplasm before end maturation.
The RTD pathway was discovered because tRNAs missing subsets of two modifications are subject to 5′-3′ exonucleolytic degradation in the cytoplasm by Xrn1 and/or in the nucleus by Rat1 (39, 40) . Moreover, defective m Cells Require Either Cytoplasmic RTD or Retrograde tRNA Nuclear Import for Viability. Cells are viable if they are missing either cytoplasmic RTD (xrn1Δ) or the retrograde tRNA nuclear import pathway (mtr10Δ), and aberrant tRNAs accumulate in each single mutant strain (Figs. 1 and 2) . Because both quality control pathways appear to assess the same substrate hypomodified tRNAs, it seemed possible that the aberrant tRNAs might accumulate to higher levels in mutant cells lacking both cytoplasmic RTD and retrograde tRNA nuclear import. To test this, we attempted to delete XRN1 from mtr10Δ cells. However, we were unsuccessful constructing the double mutant by standard procedures. Therefore, we transformed mtr10Δ cells with a URA3 plasmid that expresses MTR10 and then deleted XRN1. Yeast cells expressing a URA3 gene are selected against when grown on media containing 5-fluoroorotic acid (5-FOA), and only cells that have lost the URA3 plasmid will be able to grow on 5-FOA media (51) . Interestingly, mtr10Δ xrn1Δ cells were unable to lose the MTR10-expressing plasmid by such counterselection (Fig.  S4) . Thus, mtr10Δ xrn1Δ mutant cells are inviable. One interpretation of the data is that it is critical for the cell to be able to deal with improper cytoplasmic tRNAs either by degradation in the cytoplasm or by retrograde import to the nucleus.
Discussion
In organisms from yeast to vertebrates, mature tRNAs are constitutively imported from the cytoplasm to the nucleus. The significance of this tRNA retrograde process is not entirely clear, although in yeast it is known to be required for modification of tRNA Phe GAA G 37 to wybutosine (26) and for translational regulation of a subset of mRNAs (27) . Here we investigated whether the tRNA retrograde process might also function in tRNA quality control. We altered tRNA subcellular dynamics by three separate means using two different yeast strains (mtr10Δ and dhh1Δ pat1Δ), with mutations that affect tRNA retrograde nuclear import by independent mechanisms and a third yeast strain that overexpresses the tRNA exportin, Los1. Using tRNA splicing as a proxy for the presence of tRNA in the cytoplasm, we learned that each of the perturbations of tRNA nuclear-cytoplasmic dynamics causes accumulation of aberrant spliced tRNA bearing unprocessed 5′ and 3′ termini and/or spliced tRNA that is hypomodified. Although Mtr10 and Dhh1/Pat1 have functions in addition to those involved in tRNA subcellular dynamics, the cumulative data provide compelling evidence that the tRNA retrograde pathway serves as a newly discovered tRNA quality control mechanism to monitor 5′ and/or 3′ end sequences and the modification status of cytoplasmic tRNAs.
There are mechanisms dedicated to preventing improper tRNAs from escaping the nucleus and to degrading aberrant tRNAs. Why then might an additional tRNA quality control be necessary? It appears that the cell proofreads the structure of the 5′ and 3′ termini differently from the way in which it proofreads the modification status of tRNAs, and the quality control pathways involved in each process do not appear to overlap. As the retrograde pathway recognizes both end-extended and hypomodified tRNAs, conceivably it provides back-up quality control.
Overall, then, cells seem to use multiple quality control mechanisms that operate in parallel to maintain a cytoplasmic pool of properly structured and functional tRNAs that interact with the translation machinery (Fig. 4) . As an initial quality control, primary tRNA A 58 as well as incorrectly 3′ end-processed tRNAs are targeted for polyadenylation and degradation by the TRAMP complex and the nuclear exosome (7, 37, 38) (Fig. 4, blue packman) . Los1 also provides initial proofreading by preferentially binding and exporting end-matured tRNAs. However, we detect low levels of improper export of primary tRNA transcripts by Los1. In addition, because export requires that Los1 recognize structures common to all 42 tRNAs that are variously modified (30-32), Los1 is not expected to monitor tRNA modifications added in the nucleus. Thus, Los1-mediated nuclear export prevents, although not completely, nuclear export of 5′, 3′ end-extended, spliced tRNAs but not likely many hypomodified tRNAs. Los1-mediated nuclear export is limiting (52) , and the normal low levels of aberrant tRNAs increase when Los1 is overexpressed (Fig. 4, pink and green dotted arrows) . Perhaps, this tRNA nuclear exporter is normally limiting to prevent precocious export of improper tRNAs from the nucleus.
As Los1 does not have complete fidelity for exporting only end-matured and appropriately modified tRNAs and as there is at least one unidentified tRNA export pathway that may or may not monitor tRNA termini and/or modification, cells employ additional quality control mechanisms. The cytoplasmic RTD pathway monitors the tRNA tertiary structure, degrading tRNAs that possess destabilized acceptor and T stems, often because they lack certain modification(s) (39) (40) (41) . Lack of some modifications may not decrease tRNA stability, and therefore some hypomodified tRNAs that have mistakenly been exported to the cytoplasm may be unrecognized by the cytoplasmic RTD pathway. In addition, this pathway does not appear to detect tRNAs that are extended at the 5′ and 3′ termini, presumably because these end extensions do not compromise tRNA structure. Thus, the RTD quality control pathway eliminates certain aberrant tRNAs but fails to degrade others in the cytoplasm (Fig. 4, green packman) .
The 5′, 3′ end-extended tRNAs would not function in translation becuase they cannot be aminoacylated; however, hypomodified tRNAs can be aminoacylated and could be deleterious to the fidelity of translation, given the long half-life of tRNAs and the role of certain tRNA modifications in tRNA identity and translational fidelity. The retrograde tRNA nuclear import pathway recognizes both 5′, 3′ end-extended, spliced tRNAs and hypomodified tRNAs and functions, at least in part, to return such aberrant tRNAs to the nucleus (Fig. 4, long solid pink and  green arrows) . Thus, between degradation in the cytoplasm via RTD and import to the nucleus via the retrograde pathway, aberrant tRNAs that erroneously reach the cytoplasm are removed. Although neither single pathway is essential, cells must retain either cytoplasmic RTD or retrograde tRNA nuclear import for viability. Although the combination of mtr10Δ and xrn1Δ may cause lethality for reasons unrelated to tRNA quality control, we favor the tantalizing possibility that their essential functions are to work in parallel in tRNA quality control, underscoring the importance to the cell in maintaining functional tRNAs in the cytoplasm.
We have not addressed the fate of aberrant tRNAs upon nuclear import. Aberrant tRNAs might be repaired and given a second chance to become functional tRNAs because the enzymes necessary to fix both 5′, 3′end-extended, spliced tRNAs and hypomodified tRNAs missing nuclear-added modifications are localized in the nucleus. Alternatively, aberrant tRNAs might be degraded following nuclear import either by the TRAMP complex and nuclear exosome or by the nuclear RTD. These possibilities are not mutually exclusive, and there may be competition in the nucleus between repairing and degrading imported aberrant tRNAs as well.
Materials and Methods
Yeast Strains and Plasmids. The following yeast strains derived from BY4741 were used in this study: mtr10Δ (21), dhh1Δ pat1Δ (48), and xrn1Δ (Open Biosystems). XRN1 was deleted from strain mtr10Δ by gene replacement with a LEU2 gene (53) to construct strain mtr10Δ xrn1Δ. YEpLOS1 was previously described (54) . Multicopy plasmid MTR10 End -MORF was constructed by replacing the SacII/XhoI fragment of plasmid MTR10-MORF (55) with a PCR-amplified fragment from BY4741 genomic DNA that includes 300 bp upstream of MTR10 to the XhoI site within MTR10. The SacII/KpnI fragment of plasmid MTR10 End -MORF was subcloned into low-copy plasmid pRS416 to construct plasmid pRSMTR10-MORF.
Oligonucleotides. The sequences of the oligonucleotides used are provided in SI Materials and Methods. Fig. 4 . Interactions of tRNA quality control pathways. tRNA processing/trafficking pathways are color coded. Black arrows indicate the canonical pathway leading to mature cytoplasmic tRNAs that participate in translation. Blue dotted arrow indicates aberrant 3′ processing; the aberrant transcript is destroyed by the 3′-5′ exosome quality control pathway (blue packman). Pink dotted arrow indicates precocious nuclear export before 5′ and 3′ processing; aberrant transcripts are spliced in the cytoplasm and return to the nucleus via retrograde nuclear import (long solid pink arrow). Green dotted arrows indicate precocious nuclear export before complete modification in the nucleus; solid green arrows demonstrate that hypomodified tRNAs are spliced in the cytoplasm and may participate in translation or may be destroyed by the 5′-3′ RTD exonuclease, Xrn1 (green packman), or may return to the nucleus via retrograde import (long solid green arrow), followed by repair or destruction by the nuclear RTD exonuclease. Orange arrow indicates the tRNA position normally modified by m 2 2 G 26 ; the nucleotide missing this modification is indicated by a solid orange circle.
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